This paper investigates various approaches to propagate the effect of epistemic 6 uncertainty in seismic hazard and ground motion selection to seismic performance 
INTRODUCTION

19
Uncertainty in the seismic performance of engineered systems is conventionally addressed by 20 separating uncertainty rooted from a lack of knowledge, known as 'epistemic uncertainty', from 21 that due to apparent variability in the natural processes according to the considered mathematical :
where P IM|Rup (IM > im|rup n ) is the probability of IM > im given a scenario rupture (rup n ), and via Equation 1 is conditioned on the adopted GMM and ERF, which will be later generalised for 77 the case of multiple models representing epistemic uncertainty.
78
STEP 2: GROUND MOTION SELECTION
79
Selecting ground motion ensembles consistent with seismic hazard analysis provides the connec-80 tion between seismic hazard and seismic response analyses. The severity of a ground motion 81 is, in general, a function of amplitude, frequency content, duration, and cumulative effects.
82
Therefore, it is pertinent to consider multiple ground motion IMs in order to take into account 83 the salient characteristics of ground motion to accurately obtain the seismic demand distribution 84 for the system of interest (Kramer, 1996; Hancock and Bommer, 2005; 85 a) Note that the seismic hazard can be defined based on the probability of exceedance (Field et al., 2003) , which enables the time-dependent seismic hazard analysis utilised for the example application in this paper. Villaverde, 2007; Bradley, 2010b; Tarbali and Bradley, 2015b; Chandramohan et al., 2016) .
where l IM ⇣ IM j > im j ⌘ and l IM ⇣ IM j > im j + d im j ⌘ are the annual exceedance frequencies 105 corresponding to im j and im j +d im j values obtained from the seismic hazard curve, respectively;
106
and P Rup|IM j ⇣ rup n IM j > im j ⌘ is the contribution of rup n to the exceedance of IM j at im j level, 107 calculated using Equation 3:
where P IM j |Rup (IM j > im j |rup n ) is the exceedance probability for im j value given rup n obtained from the implemented GMM, l Rup (rup n ) is the annual frequency of rup n from the ERF, and l IM IM j > im j is the annual exceedance frequency of im j from the seismic hazard curve.
111
Conditional distribution of IMs considered in ground motion selection
112
The target for ground motion selection in the GCIM methodology is the conditional multivariate of all causal ruptures to the seismic hazard at the conditioning IM level (IM j = im j ):
where characterise the behaviour of the system (Jalayer and Cornell, 2009 to establish non-collapse response distributions (Bradley, 2013c) .
148
The exceedance probability for the EDP of interest conditioned on an IM j value is then 149 obtained from Equation 5 (Shome and Cornell, 1999) :
where G EDP|IM j ,NC ed p|im j is the probability of EDP > ed p given IM j = im j calculated from 151 the non-collapse (NC) responses; and P C|IM j im j is the probability of collapse given IM j = im j
152
(based on the established collapse fragility function).
153
STEP 4: SEISMIC DEMAND HAZARD
154
The seismic demand hazard is calculated from (Shome and Cornell, 1999; Krawinkler and 155 Miranda, 2004):
where dl IM im j /dIM j is the derivative of the considered seismic hazard curve with respect the distribution of EDPs (conditioned on a given IM j level), providing a more robust approach to assess the demand-based seismic performance of the system (Bradley, 2012c (Bradley, , 2013a Establishing the target distribution of IMs specific to the k th logic tree branch of the seismic c) The discussions to follow are equally applicable if Monte Carlo simulation is used to sample seismic hazard epistemic uncertainties. demand hazard specific to the k th model (i.e., l k EDP (ed p)) is then calculated using Equation 210 6. It is emphasised that this 'exact' approach requires the selection of N models different ground 211 motion ensembles as well as performing RHAs for each and every one of these ensembles, and 212 is therefore very computationally demanding (often prohibitively so).
213
The distribution of the resulting seismic demand hazard at a given EDP level, in the form of cumulative probability function, is obtained using Equation 7:
where 
The model weight in Equation 9, W k , can be considered as the prior probability in the The contribution of causative rupture scenarios at the conditioning IM level, IM j = im j , to 258 the mean hazard, P Rup|IM j (rup n |IM j = im j ), is then calculated based on Equation 10:
where representing the mean hazard: 
where ⇠ is used to denote the approximation of l k EDP (ed p) via the use of G EDP|IM j in place of
in the exact approach.
283
The distribution of demand hazards at a given EDP level from the approximate method can 284 be calculated in the same manner as the exact approach using Equation 8.
285
APPROACH THREE: APPROXIMATE MEAN
286
The most simplified approach to calculate the demand-based seismic performance measure :
This approach, denoted as the 'approximate mean approach', results in a single demand GMMs provide sufficiently appropriate tools to demonstrate the purpose of this paper.
314
PSHA RESULTS
315
The effect of epistemic uncertainties in the considered GMM and ERF branches are first illustrated The IM levels corresponding to 50%, 10%, 8%, 6%, 4%, 2%, 1%, 0.5%, 0.25%, 0.1%, d) Due to the incompactness of the probability-based PSHA formulation (Field et al., 2003) , the three methodologies presented for epistemic uncertainty prorogation are based on exceedance frequency. If the utilized ERF is time-independent, P = 1 e ( l .T f orecast ) can be used to convert between probability-and frequency-based results. 
339
CONDITIONAL IM DISTRIBUTIONS AND SELECTED GROUND MOTION ENSEMBLES
340
The following IMs were considered in the ground motion selection process: SA ordinates for distributions lay outside the KS test bounds). This is due to the paucity of appropriate ground motions in the empirical database to collectively represent all the considered IMs in the selection 376 process.
377
As shown in Figures 4b, d , and f, although there is a large variation, the selected ground 378 motion ensemble corresponding to the mean hazard appears to be an appropriate ensemble to 379 represent the target IM distributions of logic tree branches (i.e., the corresponding empirical 380 distribution lies within the KS test bounds of the target IM distributions for logic tree branches).
381
Hence, in order to approximate the demand hazard distribution, the EDP-IM relationship obtained 382 based on the ground motion ensembles representing the mean seismic hazard can be integrated 383 with the seismic hazard curves from the logic tree branches (i.e., the essence of the approximate 384 full distribution approach presented previously).
385
RESPONSE HISTORY ANALYSIS
386
An inelastic single-degree-of-freedom (SDOF) system with strength and stiffness degradation hazard and their dependence on the propagation approach. Figure 7a presents the lognormal stan-441 dard deviation (i.e., dispersion) of the seismic hazard exceedance probability, s ln(P IM (im)) e) . The 442 results are shown for the seismic hazard curves from individual GMMs and all the seismic hazard 443 curves combined. The dispersion of the demand hazard exceedance probability,
is also presented in Figure 7b . As shown, the dispersions both tend to increase with increasing
445
IM and EDP levels, respectively. Firstly, it can be seen in Figure 7b that the dispersion in the 446 seismic demand hazard for small EDP levels is equal to the dispersion of the seismic hazard at 447 small IM levels. This is the result of the fact that the demand hazard for small EDPs is governed 448 by small IMs, and that the EDP-IM relationship has small uncertainty at these IM levels (shown 449 in Figure 5a) . As the EDP level increases, the uncertainty in the EDP-IM relationship increases
450
(due to the variability in the selected ground motion properties and increasing nonlinear response
451
(see Figure 5a ), which consequently increases the dispersion in the demand hazard. Secondly,
452
while the demand hazard dispersion from the exact and approximate approaches is somewhat 453 similar at small EDP levels, it is significantly different at larger (near-collapse) EDP levels.
454
Note that the difference between the exact and approximate approaches for estimating 455 the dispersion in Figure 7b is simply the result of the difference in the properties of ground region that is not well-studied might falsely have a smaller epistemic uncertainty due to the lack 514 of appropriate models. Since the example region chosen in this study is a well-studied region, it 515 is expected that the effect of epistemic uncertainty on properties of the selected ground motions 516 and seismic performance measures will be more severe for regions with greater uncertainties. it was observed that, for seismic demand levels below the collapse limit, epistemic uncertainty 545 in ground motion selection is a smaller uncertainty contributor relative to the uncertainty in the 546 seismic hazard itself. In contrast, uncertainty in ground motion selection process increases the 547 uncertainty in the seismic demand hazard for near-collapse demand levels.
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